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INTRODUCTION
Metal oligo/polyynyl M{(C≡C) n H}L x species have attracted significant interest over several decades, serving as scaffolds for the assembly of bi- [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] and poly-metallic [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] complexes, and as models and building blocks for metallomacrocycles, 15, [27] [28] [29] and metallo-polymers. [30] [31] [32] [33] [34] [35] Detailed studies of the underlying electronic structure of this family of complexes have been undertaken, using a variety of computational and spectroscopic methods, often with a view to modelling the behavior of these prototypical molecular wires. 21, [36] [37] [38] [39] The terminal C≡CH moiety in polyynyl complexes M{(C≡C) n-1 C≡CH}L x offers a convenient entry point for the preparation of a wide range of polyynyl derivatives; however, the functionalization reactions of -(C≡C) n-1 C≡CH ligands are largely based on deprotonation and subsequent trapping with various electrophiles, 9, [40] [41] [42] [43] [44] including metal complex electrophiles. 45, 46 To the best of our knowledge, the use of the Sonogashira cross-coupling reaction as a tool to prepare substituted derivatives of buta-1,3-diyl complexes was first demonstrated in 4 Scheme 1. The Sonogashira cross-coupling reactions of 2 with aryliodides 3a -e yielding 4a -e, and related syntheses of 5 and 6.
Reaction of 2 with the aryl iodides 3a-e in diisopropylamine co-catalyzed by a simple Pd(PPh 3 ) 4 (5 mol%) / CuI (10 mol%) mixture gave the substituted buta-1,3-diynyl complexes Ru(C≡CC≡CAr)(PPh 3 ) 2 Cp 4a -e in moderate (4a, 47%; 4c, 59%; 4d, 54%;
4e, 60%) to good (4b, 87%) yields. These examples illustrate the versatility of the 'chemistry-on-complex' strategy; through this approach buta-1,3-diynyl complexes with electron-withdrawing (3a C 6 H 4 CN), electro-neutral (3b C 6 H 4 Me), electron-donating (3c 
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The products were obtained in good purity as precipitates from the reaction mixtures and, where necessary, further purification was achieved by column chromatography and / or crystallization. Identification of the products was readily achieved through a combination of IR, 1 H, 13 C and 31 P NMR spectroscopies, MALDI-TOF and high-resolution ES mass spectrometry. The phosphine ligands were detected in the 31 that can be approximated as the local oscillations of the C≡CAr and Ru-C≡C fragments, respectively. 70 In each case the MALDI-TOF spectrum contained the molecular ion, together with a fragment ion derived from loss of PPh 3 in some cases.
Although most commonly used as a cross-coupling methodology, it is well-known that the Sonogashira cycle can be intercepted by oxidants to promote homo-coupling of the terminal alkyne. [71] [72] [73] [74] Indeed, Sonogashira-like conditions in the presence of an additional oxidant are emerging as a viable alternative to the Glaser-Hay type methods of 1,3-diyne synthesis. 75 Accordingly, the reaction of 2 with catalytic Pd(PPh 3 ) 4 Clearly, these small structural variations must be treated cautiously to avoid overinterpretation. 
Electrochemistry
The monometallic complexes 4a-4e each give one oxidation wave that is electrochemically reversiblebut chemically irreversible, supported by the observation of a 30 mV shift in the peak potential per decade change in scan rate, and peak currents linear vs ν 1/2 , with peak potentials at 100 mV/s that vary between 0.06 V- Table 2 ). The irreversibility of similar diynyl complexes has been noted on previous occasions, 18 and is likely due to intermolecular coupling of the generated diynyl radicals. 66, 85 A general scheme on this oxidation dimerization process is depicted in Scheme 2. In contrast to these monometallic buta-1,3-diynyl derivatives, the bimetallic octa-1,3,5,7-tetrayndiyl complex 6 displays one fully reversible oxidation wave (i pa /i pc = 0.98, ∆E p = 74 mV which is comparable with the internal decamethylferrocene reference) and three subsequent, irreversible processes (Table 2 ). These four processes correspond well to the four oxidation processes described for the analogous buta-1,3-diyndiyl (-C≡CC≡C-) complex {Ru(PPh 3 ) 2 Cp} 2 (µ-C≡CC≡C). 86, 87 In + is sufficiently kinetically and thermodynamically stable to be isolated, and has been explored in a number of contexts. 86, 87 The closely related hexa-1,3,5-triyn-1,6-diyl complex {Ru(dppe) 2 Cp} 2 (µ-C≡CC≡CC≡C) exhibits three redox processes in the potential window explored, the first two of which were reversible, the third being only partially chemically reversible. 68 However, in contrast to the C 4 example, the more exposed C 6 chain in [{Ru(dppe) 2 Cp} 2 (µ-C≡CC≡CC≡C)] + undergoes an intermolecular coupling reaction on timescales longer than the voltammetric measurement at temperatures above -10 °C to give an unusual dimeric complex featuring a cyclobutene motif formed by coupling between C α ≡C β of one molecule with C γ ≡C δ of another (Scheme 3). 68 This contrasting reactivity prompted further investigation of the first electrochemically reversible process observed for the C 8 bridged complex 6 by spectroelectrochemical methods. the original spectrum of 6 suggesting an EC process on the longer timescale of the electrolysis, albeit low volume, required for the spectroelectrochemical method.
As noted above, the oxidation of a related hexa-1,3,5-triyn-1,6-diyl complex [{Ru(dppe)Cp} 2 (µ-C≡CC≡CC≡C)] was reported 68 to give the dimerization product
. This dimer has a remarkably similar ν(C≡C) band pattern at 2080 -1930 cm -1 as for the oxidized product shown in Figure 4 and suggests that a dimerization product is also formed on oxidation of 6. The oxidation of 6 was also followed in the UV-vis-NIR region. Upon one-electron oxidation, the spectra display a loss of the intense UV band at 29793 cm -1 and the Figure 5 ). Again, backreduction failed to regenerate 6, confirming the EC process in the initial stages of the spectroelectrochemical experiment.
Although we have not identified the product ultimately formed on oxidation of 6, the transient band observed at 7500 cm -1 likely arises from the initial oxidation product [6] + , whilst the relatively intense, persistent features observed at the later stages at 11048 and 14280 cm -1 are similar to those observed in the absorption spectrum of
Ru(dppe)Cp, Scheme 3). 68 It therefore appears probable that the initial oxidation of 6
to give the radical cation [6] + is followed by a cyclodimerization process analogous to that observed for oxidation of [{Ru(dppe)Cp} 2 (µ-C≡CC≡CC≡C)] + .
While the radical cation [6] + is observed in the UV-vis-NIR spectra on oxidation, the IR bands corresponding to [6] + were not observed in the IR spectra on oxidation. The sample concentration used for IR spectroelectrochemistry is higher than for UV-vis-NIR spectroelectrochemistry so the rate of dimerization on oxidation would likely be faster and may account for the failure to detect any appreciable accumulation of [6] + in the IR experiments. Given the ample evidence for the highly reactive nature of [6] + , efforts to isolate this species were not undertaken. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 18
Quantum chemical calculations
The electronic structure of monometallic polyynyl 8, 89, 90 and bimetallic polyyndiyl 37-39, 87,91 complexes has been explored in detail over the last 20 years at increasingly sophisticated levels of theory.
Here, hybrid-DFT calculations (B3LYP/3-21G*/CPCM-CH 2 Cl 2 ) were carried out on the compounds 5 and 6 to investigate the influence of the interpolated phenylene ring on the electronic structure of these π-extended, carbon-rich complexes. The compound 4a was also studied to aid the assignment of 13 C NMR spectra in the series 4a -e. Each system was fully optimized without symmetry constraints, with frequency calculations indicating each structure to be a true minimum. The resulting computational systems are denoted 4a´, 5´ and 6´ to distinguish them from the physical complexes.
Each structure in the bimetallic complexes adopts mutual trans-arrangement of the Cp rings and, in the case of 5´, the phenylene ring essentially bisects the P-Ru-P angles at 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 19 not uncommon for calculations of organometallic complexes and the overall level of agreement is more than satisfactory.
The electronic structures of 5´ (Table 3) and 6´ (Table 4) were also examined, those of buta-1,3-diynyl complexes having been well discussed elsewhere, 8, 89, 90 and give features that are broadly as expected for half-sandwich alkynyl-derivatives. or four (6´) oxidation processes in these complexes. In addition, the lower lying HOMO of 5´ is consistent with the more positive redox potentials (Table 2) observed for the first and second processes of 5´ relative to 6´. calculations indicate the significant organic character in the frontier orbitals of 5´ and 6´. The significant difference in the relative energy and composition of the HOMO-1 in these complexes is consistent with the trends in electrochemical properties. The work described here therefore extends the 'chemistry on the complex' approach to the preparation of complex organometallic compounds, and further illustrates the facile synthetic routes that may be developed using this strategy.
Experimental
General conditions. All reactions were carried out in oven-dried glassware under oxygen-free argon atmosphere using standard Schlenk techniques. Diisopropylamine and triethylamine were purified by distillation from KOH, other reaction solvents were purified and dried using Innovative Technology SPS-400 and degassed before C 53.84 ppm). In the NMR peak assignments, the phenyl ring associated with the dppe and PPh 3 are denoted Ph, and Ar indicates any arylene group belonging to the alkynyl ligands. NMR spectra for 4a-e, 5 and 6 are depicted in Figures S1-S28 . The C β , C γ and C δ
13
C NMR peaks were assigned with the aid of computed GIAO-NMR data and are listed in Table S1 .
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Ru(C≡C-C≡C-DHBT)(PPh 3 ) 2 Cp (4d

ACS Paragon Plus Environment
Submitted to Organometallics   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
Submitted to Organometallics   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47 188x112mm (300 x 300 DPI)
Submitted to Organometallics   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
Submitted to Organometallics   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
